Abstract. Phytoene dehydrogenase (PDS) is an important enzyme in carotenoid biosynthesis. Here, the Brassica oleracea var. capitata PDS (BocPDS) gene sequences were obtained from Brassica database (BRAD), and preformed for bioinformatics analysis. The BocPDS1 and BocPDS2 genes mapped to chromosomes 3 and 4, and contains an open reading frame of 1,698 bp and 1,692bp that encodes a 565 and 563 amino acid protein, respectively. Subcellular localization predicted both BocPDS1 and BocPDS2 were in the chloroplast. The conserved domain of the BocPDS1 and BocPDS2 proteins is PLN02612. Homology analysis indicates that the levels of identity between BocPDS1 and BocPDS2 were 94%, and the PDS protein is apparently conserved during plant evolution, and BocPDSs are most closely related to Cruciferae plants. The findings of the present study provide a molecular basis for the elucidation of PDS gene function in cabbage.
Introduction
Cabbage (Brassica oleracea var. capitata) is a member of the Brassicaceae family that is widely distributed in the world. In China, cabbage is an important vegetable crop, and consumed considerable every years. Cabbage is generally grown for its leafy head as common edible part, which are crispy, tender, and tasty [1] . Besides its good flavor, cabbage is also a rich source of nutrients, antioxidants, and anticarcinogenic compounds, including carbohydrates, vitamin C, glucosinolates, and carotenoids [1] [2] .
Carotenoids, which are synthesized in various photosynthetic and non-photosynthetic organisms, including algae, plants, and some bacteria and fungi, are a class of 40-carbon hydrocarbon compounds derived from a terpenoid precursor [3] [4] [5] . Carotenoids represent a diverse group of pigments that contribute to the red, orange, and yellow colors of various horticultural plants, contributing to their economic value [5] [6] . Carotenoids participate in various plant physiological processes, including growth, development, and responses to multiple environmental factors. In green tissues, these act as accessory pigments for the assembly of photosystems and light-harvesting antenna complexes and also have photoprotective functions during photosynthesis [3, 5] . In non-green tissues, these confer distinct colors to specialized plastids known as chromoplasts, which contribute to the sundry colors in plants [4, 6] . In addition, carotenoids are the precursors of numerous volatile flavor compounds and phytohormones such as abscisic acid (ABA) and strigolactones [4] . Carotenoids are also essential compounds of human diets, primarily as a precursor of vitamin A [7] . Moreover, carotenoid intake could also reduce the risk for cancer and cardiovascular disease [8] [9] .
PDS is one of the essential enzymes in carotenoid biosynthesis, catalyzing the colorless phytoene into the ζ-carotene [10] . In addition, it is required for the biosynthesis of chlorophyll. Disruption of PDS will cause an albino phenotypes that can be easily recognized. Thus, PDS is usually to be the target report gene in the experiments of Virus-induced gene silencing (VIGS) and CRISPR/Cas9 gene editing [11] [12] . The genes encoding the PDS protein have been isolated in various plant species, including tomato [13] , citrus [14] , strawberry [15] , Strelitzia reginae [16] , and Chinese kale [12] . To date, research studies on PDS in cabbage are limited. In the present study, the PDS gene sequences of cabbage were obtained from web database, and then bioinformatics analysis of the PDS genes were analyzed. The present study aimed to establish the foundation for further studies on the molecular mechanism of PDS in cabbage.
Materials and Methods

Sequence Obtain of the BocPDS Gene
The genomic DNA and mRNA sequences of PDS gene of cabbage were downloaded and obtained from The Brassica database (BRAD) (http://brassicadb.org), and then used to subsequent bioinformatic analysis.
Bioinformatics Analysis of the BocPDS Gene
The amino acid sequence, protein molecular weight, isoelectric point, stability index, and hydrophobicity of the BocPDS gene were analyzed and predicted by ExPASy (http://web.expasy.org) and NCBI (https://www.ncbi.nlm.nih.gov/). Subcellular localization was predicted by WoLF PSORT (http://www.genscript.com/wolf-psort.html). The conserved domain were predicted by NCBI (https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The amino acid sequence of PDS from eight additional species were downloaded from NCBI and subjected to multiple sequence alignment using DNAMAN. Phylogenetic tree analysis of the PDS proteins was executed in MEGA 6.0 using the neighbor-joining (NJ) method.
Results
Analysis on Genomic Organization
The Brassica database (BRAD) was used to analyze the chromosomal localization and genomic organization of BocPDS. There are two genes of PDS in cabbage chromosomes, BocPDS1 and BocPDS2, and the gene IDs in BRAD are Bol016089 and Bol009962, respectively. The BocPDS1 gene was mapped to chromosomes 3 and has 13 exons and 12 introns, while the BocPDS2 gene was mapped to chromosomes 4 and has 14 exons and 13 introns (Fig. 1) . 
Protein Physical and Chemical Properties Analysis
Sequence analysis indicated that the BocPDS1 and BocPDS2 contained a 1,698-bp and 1,692-bp open reading frame (ORF), which encoded a 565 and 563 amino acids protein with a calculated molecular mass of 63.28 kD and 63.15 kD, and an isoelectric point (pI) of 7.11 and 5.96, respectively. The amino acid types and proportions of the BocPDS1 and BocPDS2 was shown in Figure 2 , the highest number of amino acid in each gene is Leucine (Leu), whereas the lowest number is Cysteine (Cys). The predicted formula of BocPDS1 and BocPDS2 were C2855H4490N756O819S24 and C2847H4470N754O822S23, respectively. Their total average hydrophilicity index were -0. 
Subcellular Localization and Conserved Domain Analysis
Subcellular localization of BocPDS1 and BocPDS2 was both predicted by WoLF PSORT to be in the chloroplast. The analysis using Conserved Domain Database (CDD) demonstrated that the amino acid sequence of both the BocPDS1 and BocPDS2 proteins belong the member of phytoene dehydrogenase, and have one conserved domain PLN02612 and one superfamily COG2907 with predicted NAD/FAD-binding protein structure. 
Homology and Phylogenetic Tree Analysis
Homology analysis demonstrated that the amino acid sequence of the BocPDSs protein shared high homology with those of other higher plant species. The levels of identity between BocPDS1 and BocPDS2 were 94%. Figure 4 shows that Both BocPDSs had the highest identities with several PDS proteins of Cruciferae such as B. napus, B. rapa, Arabidopsis thaliana, and all of the levels of identity were > 91%. Interestingly, BocPDSs showed >78% identity with other species cited in our study, indicating that the PDS protein is highly conserved among different species.
A phylogenetic tree was constructed to illustrate the relationship among the PDS proteins of cabbage and 38 other higher plant species (Fig. 5) . Sequence alignment indicated that BocPDS1 protein is more closely related to B. napus, B. oleracea var. alboglabra, B. oleracea var. oleracea, Raphanus sativus, Capsella rubella, and Camelina sativa, while BocPDS2 protein is more closely related to B. oleracea var. botrytis, B. rapa subsp. oleifera, and B. rapa, which all belonged to the Cruciferae branch. 
Discussion
The present study analyzed the BocPDS genes of cabbage. Both of PDS and ZDS enzymes are encoded by single-copy gene in tomato, grape, and Arabidopsis [5] [6] . However, the PDS and ZDS genes respectively occurred as two and a single copy in cabbage, respectively, indicating that the two enzymes may have undergone different evolutionary patterns [12] . Previous studies have shown that the PDS protein is relatively conserved in plants [15] [16] . The PDS protein of strawberry is similar to the PDS protein of Prunus armeniaca and Carica papaya, showing 83% and 83% homology [15] , and PDS of Strelitzia reginae exhibits 86% homology that of Citrus × paradise [16] . The findings of the present study show that PDS from cabbage is highly conserved, particularly in plants; in the Cruciferae, these proteins show >93% homology, similar to that observed in earlier reports. The findings of the present study may serve as a foundation for future studies on the functions of PDS in carotenoid metabolism in cabbage.
